Abstract In this work, the DRASTIC and GALDIT models were employed to determine the groundwater vulnerability to contamination from anthropogenic activities and seawater intrusion in Kapas Island. In addition, the work also utilized sensitivity analysis to evaluate the influence of each individual parameter used in developing the final models. Based on these effects and variation indices of the said parameters, new effective weights were determined and were used to create modified DRASTIC and GALDIT models. The final DRASTIC model classified the island into five vulnerability classes: no risk (110-140), low (140-160), moderate (160-180), high (180-200), and very high (>200), covering 4, 26, 59, 4, and 7 % of the island, respectively. Likewise, for seawater intrusion, the modified GALDIT model delineates the island into four vulnerability classes: very low (<90), low (90-110), moderate (110-130), and high (>130) covering 39, 33, 18, and 9 % of the island, respectively. Both models show that the areas that are likely to be affected by anthropogenic pollution and seawater intrusion are within the alluvial deposit at the western part of the island. Pearson correlation was used to verify the reliability of the two models in predicting their respective contaminants. The correlation matrix showed a good relationship between DRASTIC model and nitrate (r=0.58). In a similar development, the correlation also reveals a very strong negative relationship between GALDIT model and seawater contaminant indicator (resistivity Ωm) values (r=−0.86) suggesting that the model predicts more than 86 % of seawater intrusion. In order to facilitate management strategy, suitable areas for artificial recharge were identified through modeling. The result suggested some areas within the alluvial deposit at the western part of the island as suitable for artificial recharge. This work can serve as a guide for a full vulnerability assessment to anthropogenic pollution and seawater intrusion in small islands and will help policy maker and manager with understanding needed to ensure sustainability of the island's aquifer.
Introduction
The tourism sector is very important to Malaysian economy because it account for 7 % of the country's gross domestic product (GDP) (Govenment 2013) . In 2012 alone, the Malaysian government generates revenue of more than USD 20 billion from tourism (Kura et al. 2014) . Currently, the Malaysian government proposed an ambitious plan aiming to boost the tourism industry to become the major deriving factor to the country's economy. This plan includes infrastructural and other development activities which will help to attract more tourists to the country. These development plans will involve various areas of the tourism such as the islands which are some of the most visited places in the country. Therefore, it is very important to evaluate the risk and possible effects associated with these projects to the ecosystem. This should be done before the commencement of any development for remediation and mitigation measures to ensure sustainable development. A fundamental environmental system that is likely to be affected by these developmental projects is the groundwater since demand would likely increase due to increase in activities which will eventually add more stress to the groundwater system (Kura et al. 2014) .
Most tropical islands such as Kapas Island rely on groundwater as their primary source of freshwater owing to their topographical and geological nature which make it very difficult for surface water to exist (Aris et al. 2007; Kura et al. 2013) . Therefore, it is important to assess and monitor the aquifer system in these islands and how anthropogenic activities influence their hydrochemistry for sustainability of the groundwater resources. However, there is still a wide knowledge gap regarding the hydrochemistry of these small islands (Aris et al. 2009 ). It should be noted that, for any groundwater quality management and protection to be successful, it is important to determine areas where groundwater is particularly prone to contamination. This will help in the creation of vulnerability maps that can be used by prospective end users such as policy makers and environmental managers among others for groundwater protection or mitigation and remediation measures (Arthur et al. 2007 ). The most viable step in groundwater resources management that can facilitate the determination of potential effect of a proposed activity to groundwater or how an aquifer would respond to changes is the vulnerability assessment of groundwater (Uhan et al. 2011; Shekhar et al. 2014) . The notion of groundwater vulnerability has its roots in the 1960s were it was first introduced in France to create awareness of groundwater pollution (Vrba and Zaporozec 1994) .
Vulnerability assessment is based on the assumption that certain areas are less protected by the geological system than others; as such, the less protected areas are more likely to be affected by contaminants from natural and anthropogenic activities (NRC 1993; Shirazi et al. 2013) . In other words, the lithological layers of the area in question particularly the soil and aquifer features might offer some level of shield, especially against the pollutants which originate from the ground surface (WHO 2006) . The basic principal governing the concept of groundwater vulnerability assessment is that, since the natural protection abilities of lithological materials are generally heterogonous in nature over a given space, it is reasonable and practical to apply restrictions to few or specific areas rather than enforcing restrictions all over (Foster 1987) . In general, vulnerability assessments of groundwater is a way of making a complex hydrogeological information into a simple map that can easily be utilized by decision and policy makers, environmental managers, as well as the general public. The resulting map would then be applied in many aspects of water management, such as evaluating the most sensitive areas for monitoring, and/or imposing restrictions where necessary, risk assessment among other things (Liggett and Talwar 2009) .
In general, vulnerability techniques can be classified into three classes: the overlay or index-based method, the statistics method, and process-based or numerical method (NRC 1993) . The simplest and most popular among these models is the overlay or index-based method (Beaujean et al. 2013) . Over the years, many overlay-based methods such as DRASTIC (Aller et al. 1987) , GOD (Foster 1987) , AVI ( Van-Stempvoort et al. 1993) , and SINTACS (Civita 1994 ) among others have been used for vulnerability studies (Foster 1987; Aller et al. 1987 ; Van-Stempvoort et al. 1993; Dörfliger et al. 1999; Liu et al. 2011; Shirazi et al. 2013; Narany et al. 2014) . Of all these index-based methods, DRASTIC model is the most widely used for groundwater vulnerability assessment (Shirazi et al. 2013; Narany et al. 2014; Shekhar et al. 2014) . This is likely attributable to the fact that DRASTIC model is simple, straightforward, and all the parameters needed to compute the model are either readily available or easy to acquire (Yin et al. 2013; Shekhar et al. 2014) .
The term DRASTIC is an acronym of seven hydrogeological parameters: depth to groundwater (D), net recharge (R), aquifer media (A), soil media (S), topography (T), impact of the vadose zone media (I), and the hydraulic conductivity of the aquifer (C). This model was first developed by American Water Wells Association in collaboration with US Environmental Protection Agency (EPA). The main aim was to produce a technique that will allow the pollution potential of any given aquifer system within all kinds of hydrogeologic settings to be systematically assessed using available information throughout the USA (Aller et al. 1987) . The method assesses groundwater vulnerability based on rating and weighting of the seven parameters (Aller et al. 1987; Vias et al. 2005) . Theoretically, the model was design based on the following fundamental assumptions: (1) the pollutant is initiated at the ground surface; (2) the pollutant infiltrated into the groundwater through precipitation; (3) the DRASTIC model is only valid if area in question is 0.4 km 2 or larger (Aller et al. 1987; Shirazi et al. 2013) . Over the years, researchers like Wang et al. (2012) have tried to improve on DRASTIC model, for example, SINTACS (Civita 1994 ) was based on DRASTIC ideas but with little improvement on the rating system (Gogu and Dassargues 2000a, b) . Thus, of all these developments, DRASTIC model is still the most popular method as its advantages surpassed its shortcomings (Wang et al. 2012) .
Many researchers have employed DRASTIC model to determine the vulnerability of groundwater to contamination in many areas with heterogeneous climatic and geological conditions ranging from flat areas in the tropics (Shirazi et al. 2013 ) to arid regions (Baalousha 2006; Al-Hallaq and Abu-Elaish 2012; Narany et al. 2014) to the rocky and hilly sites (Yin et al 2013; Shekhar et al. 2014) . Noticeably, almost all the past research on DRASTIC model for vulnerability assessment share one thing in common; that is, they were all employed in the land areas on a reasonably large or regional scale. Hence, to the best of the author's knowledge, hardly can one find where DRASTIC model had been used in the small island. Despite the that fact, island aquifers are very fragile in nature and sensitive to little changes particularly anthropogenic activities (Kura et al. 2014 ) and most of these islands as mention earlier strongly rely on groundwater for freshwater supply (Aris et al. 2007; Kura et al. 2013 ).
However, a key limitation may arise when applying DRASTIC model in an island as the contamination threats in islands does not only come from surface but also the shoreline and beneath as well due to seawater intrusion. Besides, DRASTIC model is not equipped or designed to assess the vulnerability to seawater intrusion as it was based on the assumptions that all the pollutants are first introduced on the topmost layer (Aller et al. 1987; Shirazi et al. 2013 ). Therefore, there is need to incorporate DRASTIC with another model that has the ability to assess the vulnerability to seawater intrusion such that a comprehensive vulnerability assessment of an island would cover both major threat to the groundwater quality (anthropogenic pollution and seawater intrusion).
One model with the ability to determine the vulnerability of an area to seawater intrusion is GALDIT model (Sophiya and Syed 2013; Saidi et al. 2013 ). This method was first created by Chachadi and Lobo-Ferreira (2001) and the idea originates from DRASTIC model to serve as an indicator-based technique in the vulnerability assessment of an aquifer to seawater intrusion (Sophiya and Syed 2013) . Just like DRASTIC model, GALDIT is an acronym of six parameters believed to be indicators for vulnerability of an aquifer to seawater intrusion: G Groundwater occurrence or aquifer type (confined, unconfined and leaky confined) A Aquifer hydraulic conductivity L Level of groundwater above sea level D Distance from shore I Impact of existing status of seawater intrusion in that area T Thickness of the aquifer (Werner et al. 2012; Sophiya and Syed 2013) .
All the parameters in GALDIT model has a pre-assigned weights and rates, which afterward are used in creating individual map of each of the six parameters as well as in the overlaying process of these parameters in a GIS environment. The resulting map would identify areas that are most likely to be affected by seawater intrusion (Saidi et al. 2013 ). This method has been employed by some researchers (Sundaram et al. 2008; NAJIB et al. 2012; Saidi et al. 2013) to evaluate the groundwater vulnerability to seawater intrusion.
This work attempt to test the DRASTIC and GALDIT models with the aim of determining the areas that are more vulnerable to contamination from the two major sources (anthropogenic and seawater intrusion) in an island perspective.
Study area
Kapas Island lies at 3 km from the Marang coastal area in Terengganu State at the northeastern Malaysia, neighboring the South China Sea at 5°13.140′N and 103°15.894′E. The island covers an area of around 2 km 2 , most of which is hilly. The geology of the island is dominated by carbonaceous, interbedded sandstone, mudstone siltstone, and shale covering the hilly area (Isa et al. 2012) . Weathered tuff and conglomerate with quartzite siltstone (Triassic-Jurassic age) and shaly siltstone appear but not in large quantity at the edge of the southern part of the island (Fig. 1) . The island being in the tropical region is characterized with fluctuating temperature between 28 and 30°C and humidity up to 80 % with annual rainfall of more than 2,500 mm which mostly falls in the monsoon season between November and February (Kura et al. 2013 ).
Methodology

DRASTIC model
The DRASTIC model was employed in Kapas Island to evaluate the areas that are more vulnerable to pollution based on pre-assigned rating and weighted to the model parameters depending on the state and nature of each parameter (Table 1 ) (Aller et al. 1987) . The rating ranges from 1 to 10 reflecting lesser pollution potential to higher pollution potential, respectively (Yin et al. 2013) . The weight values ranging from 1 to 5 will then be assigned to the rated parameters pending on the significance of each individual parameter in protecting groundwater from surface contamination. The resulting maps from the seven DRASTIC index parameters will then be overlaid in a GIS environment to produce vulnerability map following (Eq. 1) (Vias et al. 2005; Martínez-Bastida et al. 2010) .
Depth to water level Depth to water level indicates the time taken for a contaminant to travel from surface where it was first introduced to reach the water table (Aller et al. 1987) ; hence, areas with shallow groundwater are more likely to be contaminated faster than their counterpart with deeper groundwater table since it may take longer time for contaminants to reach the groundwater in an area with deep water table (Saidi et al. 2013) . In this study, the data of depth to groundwater (D) were collected from 16 boreholes, 2 wells, and 2D resistivity survey and were used to create the spatial distribution of groundwater level map to represent the D value (Liu et al. 2011) .
Net recharge
Recharge transports the potential pollutants to the groundwater whereas vadose zone is the media through which the contaminants are being transported by recharge water down to the main aquifer. Quantifying the current rate of groundwater recharge is a requirement for reliable and sustainable management of groundwater resources in areas where the economical development is often dependent on groundwater resources (de-Vries and Simmers 2002). The net recharge was calculated using Eq. 2, modified from Pathak et al. (Kura, et al. 2013) The runoff was calculated using (Eq. 3):
Where Q = total runoff inch/year, P = precipitation inch/year, and S = potential retention (Mishra and Singh 2003; Shirazi et al. 2012) The potential retention S is dependent on a dimensionless curve number (CN) through the relationship in (Eq. 4):
where S is in inch, taking values from 0, when S is 1, to 100, when S = 0 (Soulis and Valiantzas 2012) .
The soils were classified into four groups (A-D) based on hydrologic soil group (HGS) and CN reflecting how each group of soil react to water in terms of runoff and transmission, and the values are based on a number of factors such as land management conditions and land cover which are considered in choosing the appropriate CN from the series of values available in National Engineering Handbook (NEH) Section 4 tables (Mishra and Singh 2003; Mockus 2007; Soulis and Valiantzas 2012) .
Aquifer media
Aquifer media is the component of the earth material that store groundwater. This medium controls the pollutant fate. Whereby, materials that are characterized with high permeability usually resulted in lower contaminant reduction ability whereas material with less permeability leads to higher contaminant reduction ability (Yin et al. 2013; Shekhar et al. 2014) . The information regarding the aquifer media of the entire island was extracted from the previous work (Kura et al. 2013 (Kura et al. , 2014 .
Soil media
Soil media refers to top soil that covers an area which serves as the first defense line that reduces the contaminants through filtration or prevents it from reaching the aquifer depending on particle size, texture, organic and inorganic content, structural arrangement, and compactibility of the soil materials. The soil data was acquired through field survey and laboratory analysis (particle size distribution) based on British standard guide (Cavalieri 2001) .
Topography
Topography refers to the nature of the landform based on flatness and steepness of a given area. The area that is relatively flat is believed to have higher tendency of infiltration and depositions from runoff as such might be more vulnerable to contamination than areas that are steeper in nature. Digital elevation model (DEM) was used in the GIS environment to determine spatial variability of slop in the area.
Impact of vadose zone
The vadose zone is the unsaturated or semi saturated zone between the top soil and the water table. This zone controls the penetration and downward movement of recharge, confining pollutants, and time taken for contaminants to reach the aquifer (Liu et al. 2011 ). The vadose zone information was acquired from the past work (Kura et al. 2013 (Kura et al. , 2014 . Hydraulic conductivity
The contaminant flow rate in an aquifer system is influenced by hydraulic conductivity of that aquifer because it signifies the ability of an aquifer to transmit water (Aller et al. 1987 ). The hydraulic conductivity data was extracted from pumping test and geophysical resistivity survey which are the main techniques in determining aquifer hydraulic conductivity (Soupios et al. 2007; Khalil and Santos 2013) . All the parameter layers were then overlaid in GIS environment and weight is assign to each layer based on equation to produce the DRASTIC map (Pathak et al. 2009 ).
GALDIT method
The main objective of GALDIT method is to delineate areas that are more vulnerable to seawater intrusion (Saidi et al. 2014) . For that reason, six physical and chemical parameters believed to be indicators for likelihood of seawater intrusion at a given area were employed to develop the final GALDIT index (Saidi et al. 2013 ). The map was computed using (Eq. 5):
Detailed rating and weights are presented in Table 2 . The weights were pre-assigned to individual parameters for GALDIT model based on the level of significance of a parameter towards preventing seawater intrusion. This weight and rate were estimates based on field observations (Mahesha et al. 2012 ).
Groundwater occurrence
Groundwater occurrence refers to the type of aquifer which can fall in one of the three groups: confined, unconfined, and leaky confined (Chachadi and LoboFerreira 2001) . The unconfined aquifer is characterized with low pressure which makes it more vulnerable to seawater intrusions as compared to confined aquifer (Sundaram et al. 2008) . The data of groundwater occurrence was acquired from previous studies of the island (Isa et al. 2012; Kura et al. 2013 Kura et al. , 2014 .
Aquifer hydraulic conductivity
The higher the restriction in an aquifer, the lower vulnerable the aquifer is to seawater intrusion, while the lower the restriction (high hydraulic conductivity), the higher the tendency of seawater to intrude into the aquifer (Sophiya and Syed 2013) . The data for this index just like the DRASTIC model was acquired from pumping test and geophysical electrical resistivity measurement.
Level of groundwater above sea level
The level of groundwater dictates the hydraulic pressure responsible for pushing back the seawater away from the aquifer (Saidi et al. 2014) such that the higher the groundwater above seawater level, the higher the pressure. The level of groundwater also was acquired from the 18 sampling points available in the island and the electrical resistivity images (Juanah et al. 2012) . Table 2 Weights and rates proposed for GALDIT model modified from Sundaram et al. (2008) and Saidi et al. (2013) Distance from shore
Distance from the shore refers to the proximity of an area to the sea whereby areas closer to the shore are more likely to be affected by intrusion than areas far away (Saidi et al. 2014) perhaps due to the sensitivity in nature of such area, and any slight distortion of the freshwater/saltwater equilibrium interface will worsen the already fragile nature of the area and give way to seawater intrusion (Rey et al. 2013; Kura et al. 2014 ).
Impact of existing status of seawater intrusion in that area
This refers to the current status of the groundwater chemistry of the area in question with reference to contamination from seawater. For that, ionic ratio of chloride-bicarbonate was used to balance between prediction of aquifers vulnerability and current situation (Mahesha et al. 2012 ).
Thickness of the aquifer
Aquifer thickness plays a vital responsibility in preventing seawater intrusion into a given aquifer because the thicker the aquifer, the lesser the vulnerable to seawater intrusion and the thinner the aquifer the more likely to be affected by seawater intrusion (Chachadi and Lobo-Ferreira 2001; NAJIB et al. 2012) . Data from resistivity survey was used to map out the island's aquifer thickness.
Artificial recharge
Since this work is to determine the aquifers vulnerability to contaminations from anthropogenic and seawater intrusion, it will be more complete if a management strategy for remediation and mitigation measures (artificial recharge for example) accompanied the vulnerability assessment. For this reason, the most suitable area for artificial recharge was determined based on a (Sundaram et al. 2008; Sophiya and Syed 2013) guideline with little modification to suits the island situation (Table 3) . Artificial recharge should be further away from the shore to reduce tidal effect and to avoid recirculation of seawater, and to prevent drawdown which in return will give way to seawater intrusion and for these reasons distance from the shore was added to the layers.
Results and discussion
DRASTIC
The spatial interpolation of the groundwater level data for both pre-and post-monsoon seasons (2012) (2013) classified the groundwater level in Kapas Island into two groups (Fig. 2a) , whereby 33 % of the island mostly within the alluvial deposit facing the sea from the western part was found to be within the range of 2 m depth and below and was assigned the rate value of 9. While the other class constitutes 67 % of the island range (2-4 m) depth and was rated 8 (Yin et al. 2013 ). This second group mostly falls at the hilly part of the island from the north to east down to the southern part of the island. The annual rainfall was high 134.3 in./year so was the net recharge. The net recharge values ranges from 35.6 to 57.2 in./ year whereas the evapotranspiration was considered to be 50 % (Isa et al. 2012) . The spatial distribution net recharge was based on SCS-CN analysis and the island was classified into four classes of recharge following the soil pattern of the island: the recharge classes were the <40, 45, 55, and >55 in./ year and were rated 7, 8, 9, and 10 covering 6, 23, 57, and 14 % (Table 4 ) of the island, reflecting clay loam, clayey (Fig. 2b, c) .
The aquifer media and the vadose zone (Fig. 2d ) have similar pattern as they are more often than not from same parent material, perhaps the vadose zone is an extension of the aquifer and was classified in to three groups. The two smaller classes cover 8 % of the island each, both located at the alluvial deposit in the western part of the island representing sand mixed with coral and the other which is at the lower western part representing clay mixed with sand and shell. The remaining 84 % represents the interbedded sandstone, siltstone, mudstone, and shale.
The topography of the island was classified into five slope classes ranging from <2 to >18 % (Fig. 2e) . The <2 % slope which almost is flat accounts for 29 % of the island. In this area, runoff will be very small and infiltration through which the contaminants find their way to groundwater is expected to be high therefore was rated 10. The second lowest slope range 2-6 % was rated 9 and it covers only 1 % of the island. The third and fourth slope classes 6-12 % and 12-18 % cover 5 % of the island each and were rated 5 and 3, respectively. The highest slope >18 covers 61 % of the entire island and was rated 1. This part of the island may likely have the least contaminant potentials due its inability to retain water for a longer period of time as such the rainwater that falls along this part is either absorb through infiltration, evapotranspiration, or runoff (Yin et al. 2013) .
The aquifer hydraulic conductivity (Fig. 2f) was rated 1 to 4 from the lowest to highest (Baalousha 2006) and ranges from <10 m/day mostly in the hilly part of the island to >40 m/ day at the alluvial part likely due to the presence of sand and coral which are very porous in nature as such making the groundwater transmissivity fast and easy within these material and consecutively allow the easier passage of contaminants from one part of the aquifer to another.
The DRASTIC map of the island (Fig. 2g) was computed using Eq. 1. The vulnerability index values range (110-189) and were classified into three classes, namely, no risk (110-140), low (140-160), moderate (160-180), and high (180-200) (Saidi et al. 2010) . Most part of the island (79 %) especially the hilly area from north to east and down to the southern part falls within the no risk class. This illustrates that the natural ability of the geological materials of this area may likely protect it against the surface contaminations. The low vulnerable class covers 13 % of the island mostly situated within the alluvial deposit and along the edges of the foothill all in the western part of the island. The moderate and high vulnerable classes cover only 4 and 3 %, respectively. The moderate class falls mostly at the north western part and the center of the island while the high vulnerable class is situated at the center all within the alluvial part. The area vulnerability of this area can be attributable to lack of any protective lithological layer such as clay. Besides, the lithology of the area is mostly dominated by sand, coral, and shell (Kura et al. 2014 ) with high recharge potential; therefore, infiltration can easily carry all sorts of contaminants from the surface and can reach the aquifer within a short period of time with little or no resistance (Aller et al. 1987 ).
GALDIT
The six GALDIT index parameters were employed to determine the seawater vulnerability of the island. Firstly, the map of groundwater occurrence or aquifer type (Fig. 3a) shows that the island is made up of two types of aquifer: the unconfined covering and the leaky confined. The whole alluvial deposit in the western part (16 %) of the island was classified as unconfined. This aquifer type was rated 7 because seawater can easily invade unconfined aquifer due to low pressure compared to other types of aquifer (Sophiya and Syed 2013) . The leaky confined aquifer covers 84 % of the island mostly the hilly part which constitutes interbedded sandstone, siltstone, mudstone, and shale (Kura et al. 2013) , with lesser chance of seawater infiltration as compared to the earlier therefore was rated 5.
The hydraulic conductivity map (Fig. 3b) is almost same as the DRASTIC model, only the rating differs. Here, the Fig. 3 GALDIT parameters maps and validation a groundwater occurrence; b hydraulic conductivity; c level of groundwater (GW) above sea level; d distance from shore; e impact of current seawater intrusion; f aquifer thickness; g GALDIT index hydraulic conductivity was classified in to five classes and was rated 1 to 10 (Table 2 ) from the lowest hydraulic conductivity at the hilly part to the highest within the alluvial part of the island.
The level of groundwater above sea level map (Fig. 3c ) shows two distinctive groundwater levels: the lower level was found to be at the alluvial part of the island in the western site and little part of the eastern area which may likely be where Fig. 3 (continued) runoff deposits the materials it carries from the hilly parts. The water elevation above seawater level in these parts was found to be below 10 m, indicating likelihood of more pressure from the seawater to break the equilibrium interface that lies between the fresh and seawater (Rey et al. 2013 ) therefore was rated 3. The remaining part of the island was assign a rate value of 1 because groundwater elevation above seawater level was greater than 10 m which gives the aquifer more pressure to push away the seawater from coming in (Saidi et al. 2014) .
Distance from the shore (Fig. 3d) was divided into two groups: <300 and >300, and were assign rate values of 3 and 1, respectively, because the further away the groundwater is from shore, the lesser the pressure from seawater to infiltrate into the aquifer.
The impact of existing status of seawater intrusion based on Cl/HCO 3 ionic ratio (Fig. 3e) was divided into five classes from least affected to the most affected rated 1, 3, 5, 7, and 9 covering 39, 22, 24, 9, and 5 % of the island, respectively. The least affected area falls within the hilly part at the eastern site of the island, whereas the most affected area falls at the lower western part of the island which already has a history of seawater intrusion (Kura et al. 2014) .
The last parameter for GALDIT model (aquifer thickness) (Fig. 3f ) follows similar pattern with groundwater occurrence. The first class of aquifer thickness at the western part within the alluvial deposit was rated 3 because it represents a thickness of less than 25 m on the average based on profile lines from electrical resistivity images (Kura et al. 2014) . While most of larger parts of the island fall at hilly area, it showed aquifer or saturated area thickness of more than 25 m and was assign a rate value of 1.
The final GALDIT map ( Fig. 3g) with vulnerability index range 45-126 was classified into three classes (<90, 90-110, and 108-126) representing very low, low, and moderate, respectively, covering areas of 83, 11, and 6 %, respectively. The very low vulnerable area is situated at the hilly part of the island while the moderate vulnerable lies along the shore at the lower western part of the island within the alluvial deposit.
Sensitivity analysis
Despite the advantages of DRASTIC model such as the simplicity in application and spatial data gathering, integration, and spatial analysis (Yin et al. 2013 ), yet it has been criticized especially with regards to the subjectivity nature of rates and weights assigned to parameters as well as the choice of parameters used to compute the model (Napolitano and Fabbri 1996) . As such, the reliability of this model is subject to sensitivity analysis and validation. Evidently, most of the parameters used in creating DRASTIC model are known to be interconnected with each other (Babiker et al. 2005) ; hence, the contribution of each DRASTIC parameter in creating the final model reduces the chances of wrong conclusion (Rosen 1994) . Sensitivity analysis will provide researchers with in-depth information regarding how the rating and weight values assigned to each parameter influence the outcome of the model and reduce the issue of subjectivity in the model prediction ability (Napolitano and Fabbri 1996; Gogu and Dassargues 2000a, b) . It should be mention that, since GALDIT model was originally inspired by DRASTIC model and their methodologies are somewhat the same (Sophiya and Syed 2013) , sensitivity analysis was also employed to evaluate the weights and rating effects of GALDIT parameters in creating the final model.
One of the techniques used to assess the influence of each parameter is map removal, where a single map is removed at a time; in so doing, the researcher will have the opportunity to evaluate the effects of each parameter on the resulting model. The sensitivity analysis of map removal can be determined using (Eq. 6):
where S i is the sensitivity (for i unique condition subarea) connected with the removal of single map (of parameter X), while V i represent the calculated vulnerability index for DRASTIC and GALDIT based on Eqs. 1 and 2, respectively, on the i subarea, V xi represent the vulnerability index of the i subarea after removing a single map layer, while N and n represent the number of map layers used to compute the overall vulnerability index (Eqs. 1 and 2) and sensitivity analysis, respectively (Pathak et al. 2009 ).
Additionally, the variation index (VI) was also employed to evaluate the extent of the variation due to removal of one parameter at a time using Eq. 7:
where V ar i reflect the variation index of the removal parameter and V i is the vulnerability index computed on the i subarea via Eqs. 1 and 2 while V xi represents the vulnerability index of the i subarea after removing one map layer. This variation index measures the effect of the removal of each parameter (Pathak et al. 2009) . The values of VI can be either positive or negative reflecting the effects of the removed parameter. The positive value implies that removal of the parameter lessens the vulnerability index, as such boost the computed vulnerability. Whereas negative value indicates that removal of the parameter increases the vulnerability index, leading to the decrease in the computed vulnerability. The variation index is directly a function of the weighting system (Gogu and Dassargues 2000a, b; Pathak et al. 2009 ).
Noticeably, the weighting systems used in generating the vulnerability index are area dependent (Babiker et al. 2005) . Therefore, since vulnerability model is a function of rates and weights assigned to the parameters used in the modeling, it is possible that weights changes from one area to another. Hence, the aim of single-parameter sensitivity analysis is to compare the theoretical weights assigned to the vulnerability parameters with their effective counterparts. These effective weights are influenced by two factors namely the weight assigned to each individual parameter and the value of a single parameter (Babiker et al. 2005; Javadi et al. 2011) . The effective weight of each polygon can be computed using (Eq. 8):
Where W represents the effective weight of individual parameter, P r and P w reflect the rating and weights assigned to each parameter, respectively, while V is the collective vulnerability index (Babiker et al. 2005; Javadi et al. 2011 ). The effective weights are then used to compute new vulnerability model that can reflect the actual situation in the area in question.
The results of sensitivity analysis (Table 5 ) reveals that depth to water level (D), with mean VI of 28.79 %, was the most sensitive parameter, followed by net recharge (R) and vadose zone (I) with VI values of 24.34 and 18.56 %, respectively. Perhaps due to the high theoretical weights of 5, 4, and 5 assigned to the three respective layers (Saidi et al. 2011 ) and/ or the fact that these three parameters are directly connected to pollution control, whereby the recharge carrying pollutants will reach the aquifer through the vadose zone, especially if the depth to water table is shallow.
The result also identified topography (I) as the least sensitive parameter with VI value of 3.53 %, thanks to low weighting value (1) assigned to the parameter. Table 6 presents the significance variations between the theoretical weight and effective weight where some parameters increases while others decreases. The major increase can be seen in depth to groundwater level (D) which initially was 21.74 % in the theoretical weight but now shifted to 28.8 % in the effective weight. Another parameter that increases is recharge (R) which changes from 17.39 % in the theoretical weight to 24.3 % in the effective weight. The major decrease can be seen in hydraulic conductivity (C) which drop down from 13.04 in the theoretical weight to just 4 % in the effective weight. Then followed by impact of vadose zone (I), dropped from 21.74 to 18.6 %.
The GALDIT sensitivity analysis result presented in (Table 7) disclose that, distance from shore (D) 36.89 % is the most sensitive parameter. Perhaps due to the fact that the pressure of seawater on freshwater lens decreases inland ward (Saidi et al. 2013 ). This is followed by water level (L) and then thickness of the aquifer, with mean variation index (VI) of 23.01 and 18.45 %, respectively. The high VI in water level might be attributed to high theoretical weights of 5 assigned to it. While in the case of aquifer thickness, high VI may be related to the fact that shallower aquifer undergoes more pressure from sea than their thicker counterpart (Chachadi and Lobo-Ferreira 2001) . The significance variations between the GALDIT theoretical weights and effective weights are presented in Table 8 . The results show a major increase in distance from the shore (D) on one hand, where the values rise from 15 % theoretical weight to 33.65 effective weight. On the other hand, height of groundwater level above sea level (L) and thickness of the aquifer experience a dramatic decrease from 25 to 12.7 % and from 15 to 7.65 % for theoretical and effective weights, respectively. The results also show that G, A, and I parameters show somewhat same values both for theoretical and effective weights.
Modified models
The modified DRASTIC model (Fig. 4a) was computed using the calculated effective weight (Table 6 ). The DRASTIC index values were classified same pattern with the standard DRASTIC map (Fig. 2g) : no risk (110-140), low (140-160), moderate (160-180), high (180-200) , and very high (>200) (Saidi et al. 2010), covering 4, 26, 59, 4 , and 7 % of the island, respectively. The significant variation between the models (Figs. 4a and 2g ) can be seen in addition of a new class (very high) which was not in the first one. This new class substitutes the former moderate and high classes situated in the north western part and the center of the island within the alluvial deposits. As stated before, this area is characterized by fine sand, corals, and shell; therefore, absence of any protective layer such as clay may be the reason for high vulnerability in the area (Aller et al. 1987) .
The modified GALDIT model (Fig. 4b) showed some significant variations from its predecessor (Fig. 3g) , whereby four distinctive classes of vulnerability were delineated in the new GALDIT model: very low, low, moderate, and high covering 39, 33, 18, and 9 % of the island, respectively. This result, particularly the identification of the high vulnerable area located at the south western site of the island further justified the earlier finding (Kura et al. 2014 ) that the area is the most affected by seawater intrusion.
Validation
It is worth mentioning that the use of a model that did not undergo a validation process can lead to wrong conclusions and create biased in assessing an environmental system. Thus, it is necessary to employ validation measures to prevent erroneous results (Leal and Castillo 2003; Saidi et al. 2011) which can be catastrophic and may result in wasteful spending and environmental damages. For this reason, this paper employs Pearson correlation to evaluate the relationship between all the parameters and resulting models and reliability of the models in predicting pollution in the area (Prasad et al. 2011) . In order to determine the strength of the modified DRASTIC model in pollution, nitrate which is an anthropogenic pollution indicator (Shekhar et al. 2014 ) was used. The nitrate data was acquired from groundwater sampling survey and analysis for the month of July 2012. While resistivity values was used as seawater intrusion indicator since high resistivity (100 Ωm) represents freshwater, whereas lower resistivity (0-5 Ωm) indicates seawater intrusion (Kouzana et al. 2010; Baharuddin et al. 2013) . Table 9 presented the result of the correlation matrix between the parameters used in computing DRASTIC model and the final model as well as the nitrate. The result suggested that a very good correlation exist between the model and most Values in italics are different from 0 with a significance level alpha = 0.05 higher than 0.58 if there were more sufficient sampling sites (Prasad et al. 2011) . Similarly, correlation between the GALDIT parameters, GALDIT model, and the seawater pollution indicator is presented in Table The result also reveals a very good negative correlation between the model and the resistivity values (r=−0.86). This suggests an inverse relationship between the model and the seawater intrusion indicator. That is to say, the higher the vulnerability index values the lower the resistivity value, and as stated earlier, low resistivity values (0-5 Ωm) are a good indicator of seawater intrusion (Baharuddin et al. 2013) .
The final maps of DRASTIC and GALDIT indicated that the western part of the island, particularly the alluvial deposit, is likely to be affected by both major groundwater pollutants. The lithological layers of this area (mixture of fine sand, coral, and shell) are generally weak in terms of natural protection ability against pollution in the island (Kura et al. 2013 ). This further show that this particular area needs as a matter of urgent mitigation and remediation measures that can help in the management of the island's aquifer.
Artificial recharge
For the groundwater management purpose, seven hydrogeological and physical parameters with different weights and rates (Table 3 ; Fig. 5a-g ) were overlaid in GIS environment (Sundaram et al. 2008; Sophiya and Syed 2013) to determine the most suitable area for artificial recharge to boost the aquifer's ability to flush out the seawater and other contaminants from the aquifer. The artificial recharge will also refresh the aquifer and increase the circulation of dissolve oxygen in the groundwater which will eventually increase the microorganism's ability to break down contaminants such as NO 3 and SO 4 through the process of redox reaction (Mann et al. 2007 ).
The final artificial recharge map (Fig. 5h) suggests some few suitable sites that can be used as artificial recharge area. The map cumulative values range (160-430) was classified into four classes: <190, 190-290, 290-390, and >390, representing poor, moderate, good, and very good, respectively. The most suitable artificial recharge sites falls within the alluvial deposit at the western part of the island. The area was believed to have the lowest runoff and was topographically classified as flat. Moreover with the exception of little part of this group, most are situated reasonably away from the shore to avoid tidal effects and recirculation of the seawater.
Conclusion
This work involves the use of DRASTIC and GALDIT models to evaluate the Kapas Island vulnerability to contamination from anthropogenic sources and seawater intrusion. Additionally, in line with the fact that the credibility of models has been criticized due to subjective nature of weights and ratings assigned to the parameters, sensitivity analysis was employed to assess the influence of the parameters involved in computing the models. From the sensitivity results, variation indices of the said parameters were evaluated, and new effective weights were computed. The new effective weights were then used to develop the modified DRASTIC and GALDIT models. The modified DRASTIC and GALDIT models divided the island into five and four vulnerability classes, respectively. On one hand, the DRASTIC classes were no risk (110-140), low (140-160), moderate (160-180), high , and very high (>200), covering 4, 26, 59, 4, and 7 % of the island, respectively. On the other hand, the GALDIT classes were very low (<90), low (90-110), moderate (110- Values in italics are different from 0 with a significance level alpha = 0.05 Fig. 5 Artificial recharge parameters maps: a geology; b geomorphology; c HSG; d runoff; e slop; f land use; g distance from shore; h artificial recharge 130), and high (>130) covering 39, 33, 18, and 9 % of the island, respectively. The two models identified the alluvial deposit areas in the western part of the island (which coincidently is the most visited part of the island) as the most vulnerable to contaminations from the surface and seawater intrusion. While the hilly part of the island, particularly in the eastern site, is the least vulnerable area. The models were validated using Pearson correlation method to determine the relationship between the models and their respective contaminant indicators. For the DRASTIC model, the correlation results reveal that there is very good relationship between the model and most of the parameters namely D, R, A, S, I, and C (r=0. 62, 0.92, 0.93, 0.92, 0.93, and 0.91) , respectively. The result further indicates good relationship between the model and nitrate (r=0.58). In the case of the GALDIT model, the Pearson correlation results show very good correlation between the model and all but one (D) of the GALDIT parameters: G, A, L, I, and T (r=0.93, 0.86, 0.80, 0.92, and 0.80), respectively. In the reliability of the model in predicting seawater intrusion, the correlation result shows that a strong negative correlation exists (r=−0.86). Implying that, the model with over 95 % confidence predicted more than 86 % of the seawater intrusion.
For the remediation and mitigation measures, an artificial suitable recharge area detection technique was employed to detect areas that will be more appropriate to establish artificial recharge to boost the ability of the island's aquifer in flushing out pollutants, particularly seawater and to prevent drawdown. The results suggested some few areas within the alluvial deposit at the western part of the island will be suitable for artificial recharge area.
In conclusion, this work has demonstrated that application of DRASTIC and GALDIT models are not only limited to large or inland areas but can also be used in small and remote places like tropical islands. Moreover, the credibility of these methods can be enhanced through sensitivity analysis. These results will help the policy maker and environmental manager in their planning and establishing management strategies that will ensure the sustainability of the island's ecosystem. The results can also serve as a guide for a comprehensive vulnerability assessment of small islands to anthropogenic pollution and seawater intrusion.
